Skin shrinkage/Dose-response curves in situ/Time-dose relationship Mouse legs were exposed to 137Cs gamma rays with single or multiple fractions (up to 32) at various intervals of time between doses. Levels of skin shrinkage were measured 50 to 70 days after irradiation.
INTRODUCTION
A formula which enables radiotherapists to compare and contrast treatment regimens which differ in time, dose, and fractionation patterns, is of value in clinical radiotherapy and several ones have been introduced" 2). Of these formula, use of the concept of nominal standard dose (NSD) introduced by Ellis has in creased in spite of its obvious limitation. This formula is a useful approximation in radiotherapy for treatment areas not containing vital organs and within the stated limits of 4 30 fractions. Recently we showed that constant exponents for N and T in an isoeffect formula are not appropriate for the data on late skin contraction of mouse legs'). We proposed that since the exponent of N (or T) is a function of treatment period (or number of fraction), his formula itself can not be applied universally in comparing the results obtained with different treat ment regimens and may be not sufficient as a guide when new regimens of treat ment are being introduced.
To test these hypothesis we have now investigated the response of mouse skin to multifractionated irradiation with various intervals using relatively early reac tion as an end point. These data will be also used to discuss the applicability of the estimated single dose (ED)').
MATERIALS AND METHODS

Animals:
The experiments were carried out with inbred, pathogen-free C3Hf /Bu male mice, aged 12 to 14 weeks at irradiation, obtained from the specific pathogen-free colony maintained in our laboratory. The mice were housed five or six per cage, and were given free access to pasteurized pellets and water. The cage floors were covered with autoclaved bedding. Cages were changed once a week.
About 20 minutes before irradiation, animals were anesthesized by intra peritoneal injection of sodium pentobarbital (Nembutal) (62.5 mg/kg body weight). Of the 1,385 mice in the experiments, 56 died during treatment, pre sumably as a result of the repeated injection of sodium pentobarbital. The data from the remaining 1,329 mice were analyzed.
Irradiation:
Irradiations were done with a dual-source 13 ICS unit with a field size 3 cm in diameter. Output of the 13 ICS sources was measured by lithium fluoride thermoluminescent dosimeters calibrated against a standard ionization chamber. During this series of experiments the dose rate was 1,060 to 1,070 rad/ minute at the center of the leg. The horizontal uniformity of the radiation field of 3 cm in diameter was measured using X-ray film and lithium fluoride thermo luminescent dosimeters. It was 98% of the center on 18 mm diameter circle.
A hind leg was held in the beam, and the remaining parts of the body were shielded. The irradiation schedules were as follows: a) Single exposure, b) 2 fractions at 0.5-, 1-, 2-, 4 and 15-day intervals, c) 4 fractions at 0.5-, 1-, 2-, 5 and 10-day intervals, d) 8 fractions at 0.5-, 1 and 2-day intervals, e) 16 fractions at 0.5-, 1 and 2-day intervals, and f) 32 fractions at 0.5 and 1-day intervals. Six to nine mice were used for each dose point, and the total number of mice that were used in each exposure regimen was 40 to 50. Dose ranges used for each treatment schedule are shown in Table 1 . Every irradiation was performed at approximately the same time in the morning except for half of the exposures in multifractionated experiments with 0.5-day intervals. Preliminary experiments demonstrated no significant difference in the dose-response curve for skin shrinkage between animals that were irradiated in the morning and those irradiated at night. Skin Shrinkage Assay : On the day prior to starting a single or multifraction ated exposure, the hind legs of the test animals were shaved, using shaving lotion and a razor blade. Immediately after shaving, pin holes separated by about 15 mm were made intracutaneously in each leg. A small amount of India ink was then rubbed into the holes. The skin was stretched as much as possible and the distance between these two tattoo marks was measured with a rule. The inherent error in measuring the length of stretched skin was approximately 0.5 mm. The right legs were used for experiments and the left legs for controls.
Since the amount of change in tattoo distance on the left legs (controls) was found to be negligible throughout the experiments, the changes in the tattoo distance on the irradiated legs were not corrected for growth. Single-exposure experiments were repeated four times. No significant difference in the dose response curves between these four experiments was observed. The distance between tattoo marks on the leg was measured before and on various days after single doses of radiation (1,600 to 3,200 rad). The ratio of the tatoo distance at selected day after irradiation to that before irradiation was calculated for each mouse. Then the average ratio was determined for each dose group. This was plotted as a function of days after irradiation (Figure 1 ). In this experiment, the age of mice at irradiation was 12 weeks. The tattoo distance on the unirradiated skin was found to be 101% of the preirradiation tattoo distance 365 days after ex posure.
The distance between tattoo marks on the irradiated legs decreased promptly after irradiation and reached a minimum after 14 to 22 days. After this, relaxa tion of skin was observed in all dose groups. Then the tattoo distance remained relatively constant between 50 and 60 days after exposure. Thereafter, in the lower-dose groups the tattoo distance remained constant, while in the higher-dose groups, the tattoo distance decreased steadily until 200 to 250 days after irradia tion. At later times, up to one year after irradiation, contraction continued slowly in the 2,000 rad group; but not in the highest dose group (3, 200) , in which contraction had maximized, tattoo distance being about 30% of the preirradia tion value (Figure 1 ).
An early radiation damage in skin such as reddening appeared four to seven days after irradiation and reached a peak (e.g. moist desquamation) between days 10 and 25. The healing process was generally complete by 40 days, depend ing on the dose. In the higher-dose groups, various amounts of ulceration and scab formation developed, depending on the dose, at 60 to 120 days after irradia tion. This lasted for 30 to 40 days. In the lower-dose groups (i.e. 1,600 to 2,000 rad), no scab formation was observed during the experimental period. In order to see whether scab formation contributed to the progression of skin contraction between 60 and 200 days after exposure, the time course of skin contraction after 2,500 rad single dose was studied using 98 mice (see Figure 2 ). Scab formation was observed 61 to 118 days after exposure. The time course of skin contraction was compared in two groups: mice having no scab formation and mice having scab(s). The average tattoo distance in 61 mice with scab de creased progressively from 62% to 42% of the preirradiation value between 61 and 172 days after exposure, while in the remaining 37 mice without scabs, the tattoo distance changed from 71% to 67% during the same period. The time course of skin contraction and the frequency of scab formation observed among 11 mice, on which scabs appeared on day 118 after exposure, are shown in Figure  2 . Rapid progress of skin shrinkage was seen only in the period of time during which the scab remained. The steadily but slowly developing contraction observed after this period may have been due to fibrosis and loss of elasticity of subcuta neous tissues.
In light of these results, skin shrinkage measured 50 to 60 days after irradia tion, before the second breakdown and ulceration, was taken as a measure of target cell depletion caused directly by radiation. Skin shrinkage measured 50 to 60 days after irradiation was used as an end point in the following experiments except that for exposures given over longer time intervals, the level of shrinkage was measured later; for example, between 50 and 70 days after the initiation of 32 daily fractions.
Dose-Response Curves for Single and Multifractionated
Exposures:
To con struct single dose response curves of the target cells relating to early skin shrink age, experiments using the various regimens described above were carried out. The amount of skin shrinkage was measured for each mouse and the ratio of this value to the tattoo distance before irradiation was calculated. Results of the experiments, shown in Figures 3, 4 , 5 and 6, are presented in terms of skin shrinkage 50 (SS50) value. This value is the dose that would be expected to elicit a stated or greater damage in half of the tested animals. Dose-response curves for each regimen were drawn by joining the data points.
In all of the regimens, the level of skin shrinkage increased as the total dose increased and reached maximum values of 40% to 70%. The slope of the curves tended to be less steep with an increase in number of fractions. The distance between tattoo marks was measured with the skin stretched. Therefore, the changes in tattoo separation after irradiation probably reflect both depletion of clonogenic epithelial cells and subcutaneous sclerosis. The tattoo distance decreased, as seen in Figure 1 , in three steps. Our explanation of the changes is as follows: During the first 70 days after irradiation, dead cells of epidermis are lost and a small number of surviving stem cells of the basal epithelial layer repopulate the desquamated area. The distance between tattoo marks decreases until the repopulation of surviving cells reverses the epithelial depletion and the surviving cells begin to recover the dermis. The tattoo distance then increases. If sufficient time elapses before the dermis is re-epithelialized, as would be expected after higher doses, some perma nent early contraction may result.
The second step was observed only in mice that developed ulcer(s) 60 to 200 days after irradiation. This ulceration is different from the initial desquama tion and may be called a "late" effect of radiation for which we lack an adequate hypothesis.
The third step, a slow contraction, may be caused by subcutaneous fibrosis. The time course of changes in tattoo separation in our experiments was similar to that reported by Hayashi and Suit') for Swiss albino mice.
Time-Dose Relationship:
In order to develop a formula relating dose, time, and number of fractions, both the method of Ellis (the nominal standard dose)') and the method of Moulder et a!.2) were applied to data presented in this paper.
Ellis' formula is composed of two components: time, and number of frac tions. The formula is based on the assumption that the relationship between total isoeffect dose and number of fractions (or duration of treatment) plotted on log-log scale is linear for a given duration of treatment (or a given number of fractions). With respect to skin tolerance dose, the formula is: the total dose D = NSD x No.24 x T°•11, in which the total dose is in rads, T is overall length of treatment in days, while N is the number of fractions and NSD is the nominal standard dose to produce n fractions given in T days'). Figure 7 shows the total dose necessary to produce 40% skin shrinkage derived from Figure 3 , 4, 5 and 6 as a function of number of fractions. The days of treatment were 7, 15 or 30 days. With an increase in number of fractions, the total isoeffect dose increases regardless of the number of days in treatment. The data points might be fitted by straight lines, but not well.
The data for 20% skin shrinkage show a similar tendency except that iso effect doses for 32 fractions are not appreciably different from those using 16 fractions ( Figure 7) . Therefore, isoeffect curves drawn as straight lines on a log log plot may serve as an approximation but give erroneous values, the absolute magnitude of the errors being masked by the logarithmic plot. The slopes of the lines in Figure 7 give the exponent for N in Ellis' formula because, for each curve, the overall treatment time is constant . They were cal culated using least square method, assuming that the data points were fitted by straight lines. The slopes vary with the level of skin shrinkage used to determine isoeffect doses. The definition of tolerance varies from one radiotherapist to another , meaning that the parameters for the Ellis' formula would be different , at least for the data presented here. Figure 8 shows the relationship, derived from Figures 3, 4 , 5 and 6 , between the total dose to produce the stated level of skin shrinkage and the time of treat ment required.
Each curve relates data for a given number of fractions and there fore the slopes of the curves in this figure give the exponent for T in Ellis' for mula. These slopes tend to become steeper as treatment time is prolonged: This is not consistent with an exponent for T of less than 0.1. Therefore Ellis' formula is not sufficient to describe the time-dose relationship accurately in detail , at l east in the case of acute skin shrinkage on mouse leg. ship of rat skin: DT D1 = a + a (T) + y (T)2, in which D1 is the dose for a given level of damage in a single exposure and DT is the dose required to produce the same level of damage in T days of treatment. a, a and y are constant. This formula is based on the assumption that (DT D,) values for a given number of days of treatment are the same despite a difference in the number of fractions. D1 for a given level of damage has a special value and DT values, as seen in Figure 7 , depend on the number of fractions. Therefore, the formula proposed by Moulder et al. can not be applied, at least to data presented in this paper.
Single-Dose Response Curve: If the skin shrinkage measured 50 to 70 days after irradiation corresponds to a particular amount of cell depletion in the basal epithelial cell population, regardless of the irradiation schedule used to obtain it, and if the surviving cells redistribute fairly well in two days, then (D2 D1) would reflect the width of the shoulder of a survival curve for an asynchronous population of basal epithelial cells (where D1 and D2 are isoeffect doses for single and two-fraction exposures, respectively). The value of (D2 D1) at two day intervals was 490 rad for 20% skin contraction (a first dose of 1200 rad) (Figure 9 ). This value was 570 rad for 30%, 530 rad for 40% and 1470 rad for 50% skin shrinkage. Similar measurements of D2 D1 for dose-fractions separated by 24 hours are 1,100 rad for a first dose of 1,500 rad (20% contrac tion) and 1,500 rad for a first dose of 2,300 rad (40% contraction). One inter pretation of these data is that the survival curve for skin basal cells bends contin uously, at least over the dose range from 1,500 to 2,300 rad. Another analysis of the data reported in this paper also suggests the dose response curve for skin basal cells bends continuously or has a wide shoulder. Three assumptions are needed in an attempt to reconstruct a single-dose response curve, using data from multifractionated exposures'). 1. A given amount of skin shrinkage corresponds to a particular level of cell depletion in the skin basal cells, whatever irradiation schedule is used to obtain it. 2. Skin basal cells do not multiply between the first and last exposures. 3. The shape of the survival curve for each dose fraction is precisely the same as the shape of the single-exposure curve starting from zero dose. In analyzing the data presented in this paper we have allowed for repopula tion occurring between dose fractions in the following ways: We have assumed, on the basis of work by Denekamp6), that no repopulation occurred during the first eight days of a fractionation regimen. Then we could use two-fraction and four-fraction data obtained from experiments using a two-day interval, and data from eight-fraction and 16-fraction exposures with time intervals of 0.5 days. To allow for the repopulation occurring between the 7.5th and 15.5th day after initiation of a 32-fraction experiment using 0.5-day intervals, we regarded the difference between the isoeffect dose from a 16-fraction exposure given in 7.5 days (at 0.5 day interval) and that from a 16-fraction exposure given in 15 days (at one-day interval) as an index of repopulation and subtracted the incremental dose from the total 32-fraction (at 0.5 day interval) isoeffect dose.
Using these data for 20%, 30% and 40% skin shrinkage, Dm and Dh values 7) were calculated and the results plotted as a function of dose per fraction ( Figure  10 ). The Dm is the intercept dose with the abscissa of the extrapolated part of the line which passes through two arbitrarily chosen points on a single-dose response curve. This is precisely equal to the Dq value defined by Alper et all'), if a dose response curve for cells in situ is the so-called C-type, and if two points are in the exponential region of the curve. The Dh is the inverse of the slope of this line. With a decrease in dose per fraction, Dm values decreased. The intercept dose of the Dm curve with the abscissa at Dm = zero is approximately 250 rad. The Dh value decreased with an increase in dose per fraction. These figures suggest that the single-dose survival curve for basal cells of skin is simply expo nential up to 250 rad, and then downward bending between 250 rad 1,700 rad.
A single dose response curve can be drawn following the method employed by Fowler et all). If the following two points can be assumed, a dose response curve will be constructed as follows; 1) a given level of skin shrinkage corre sponds to a particular level of cell depletion in the basal layer, whatever irradia tion schedule is used to achieve it. 2) an equal amount of damage is caused by each fraction in a multifraction treatment, e.g. half of the damage by each dose in the 2 fraction schedule. In constructing the dose-response curve, the level of depletion is represented by a horizontal line drawn 10 cm below the zero-effect axis; this corresponds to a given level of damage.
The point corresponding to a single dose is plotted on this 10 cm line, the depletion obtained by each of the 2 fractions is plotted half-way down, at 5 cm below the axis against the, dose per fraction, the point for 4-fractions one-fourth of the way down, at 2.5 cm below, and so on. The ordinate is the log cellular depletion with an unspecified scale. Total doses required to produce 20% of skin shrinkage were arbitrarily chosen here (Table 2 ) and were used to construct a single-dose response curve. As the total treatment periods were less than 8 days except for 32 fractions and time intervals were more than 12 hours, it is assumed that proliferation was absent and full recovery from sublethal damage was present. In the case of 32 fractions total treatment period being 15.5 days, a dose to compensate for proliferation was assumed to be equal to the total dose for 16 fractions with one day interval minus that for 16 fractions with 0.5 day interval (5,960 4,900) and was sub tracted from the total dose (Table 2) .
A scale can be added if we can assume that the Do value of the curve for skin basal cells between 1,400 and 2,000 rad is 150 rad8) (RBEy/x = 0.9). The results are shown in Figure 11 . The single dose giving a surviving fraction of 10-3 is around 1,880 rad. This value is almost the same as that reported by Douglas and Fowler10) using early skin reactions of mouse feet. More detailed considera tion of the similarity of these curves is unwarrented because we have made many assumptions in constructing these single-dose survival curves.
